The crashworthiness of a vehicle provides the first and direct protection to occupants. A crash may reduce the vehicle to a twisted wreck, yet a good structural design can keep passenger space intrusion to a minimum. Nonetheless, damage to a vehicle may serve as an indication of the severity of passenger injury as a result of the collision. From the physical perspective, a collision is an event in which two or more (moving) objects exert forces on each other for a relatively short time, and when vehicles are involved in these collisions, the result is a measurable amount of vehicle damage and resulting bodily injuries. The extent of vehicle damage, usually coded as from very severe to none, captures the degree of external deformation caused by the impact magnitude (5) . In crash data, the description of a vehicle's damage severity is more objective because the damage is more visible and the notations are usually more descriptive.
However, injury severity information is usually classified on the basis of the Model Minimum Uniform Crash Criteria guidelines (6) , in which crash severity attributes include fatal injury (K), suspected serious injury (A), suspected minor injury (B), possible injury (C), and property-damage-only (O) (5) . The terms "suspected" and "possible" describe vague boundaries between injury types A, B, and C. Furthermore, the result can be heavily influenced by the accident victims' descriptions, complaints, and reactions, which may be biased. Another issue that presents itself when injury severity is used as the dependent variable is that the injury severity model can be susceptible to complicated interrelations between human and nonhuman factors. With conventional models, each predictor is modeled independently; however, in real-life situations human factors may be confounded with highway, traffic, and environmental factors. The driver's physical condition, experience, judgment, behavior, decisions, and acquaintance with the environment may be critical in abating one's risk of being injured. In addition, highway and traffic engineers may be more interested in knowing the effects of highway and traffic design on injury severity without interference from human error.
Therefore, the injury severity model that uses injury severity as the dependent variable cannot reveal all the important aspects and relationships between crash severity and contributing factors. One could also conclude that the vehicle damage model that uses vehicle damage as the dependent variable cannot make a suitable substitute for the injury severity model either. By combining information provided through both of these methods it will be possible to accurately emphasize the impact of occupant characteristics, driver behavior, and human error on injury severity and objectively evaluate the physical collision force related to highway, traffic, and environmental factors. The objective of this study was to identify the association of crash injury severity and vehicle damage severity by identifying the factor or factors that are most likely to cause a specific type of vehicle damage or bodily injury and to compare the effects of a set of common factors (i.e., highway, traffic, and environmental factors) on the consequences for a vehicle or an occupant in the most harmful event.
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In recent years, the reduction of injury crashes has been heralded as a great success. Improvements in federally mandated safety standards and advancements made by automotive industries to enhance vehicle safety can be partially credited with the decline. Now the national strategy on highway safety is to move toward zero deaths. From this vision zero perspective, one of the appropriate strategies is to manage kinetic energy in crashes and collisions-that is, to minimize the energy transferred to the human body-because the kinetic energy is responsible for occupant injuries and fatalities. Vehicle damage conditions are an unbiased indicator of kinetic energy in collisions, and injury severity is the ultimate measure of occupant risk. In this study, vehicle damage and occupant injury models were developed for single-vehicle and multiple-vehicle crashes. The results of these models provide a complete view of crash severity determinants and how they affect occupant injuries and vehicle damage. Some factors have a consistent impact across both injury severity and vehicle damage; others are contradictory. Combining information from both occupants and vehicles is valuable for an impartial evaluation of specific components in highway design; this combining also provides an accurate assessment of the impacts of occupant characteristics, driver behavior, and error on the resulting bodily injuries.
Improving traffic safety was, is, and will continue to be the first priority on the national transportation agenda. The goal has always been to reduce injuries, deaths, and economic losses from motor vehicle crashes. Some success has been achieved in recent years, thanks to significantly increased investment and collective efforts directed at transportation safety. According to NHTSA, the number of injury crashes dropped to 2.25 million in 2010 compared with 2.9 million in 2002 (1, 2) . Because of this reduction, the safety focus has shifted from reducing the number of crashes to reducing the number of fatal and serious injury crashes; this shift led to the development of a new AASHTO National Strategic Highway Safety Plan entitled "Toward Zero Deaths" (TZD) (3). The appropriate strategy from a "vision zero" perspective, as Johansson suggested, is to manage kinetic energy in crashes and collisions, that is, to minimize the energy transferred to the human body (4). This design principle can be carried out through both highway design and innovations in automobile safety technology.
LITERATURE REVIEW
Crash severity models have been studied extensively in the past decades. In these models, vehicle type, a proxy variable of vehicle weight, size, speed, and crashworthiness, is often considered as a critical factor in affecting crash severity. Some studies explicitly estimated the injury severity for crashes involving sport utility vehicles (SUVs), vans, light trucks, or large trucks (7) (8) (9) (10) (11) (12) . Other studies were dedicated to investigating the consequences of collisions between different types of vehicles, such as between trucks and passenger cars, SUVs and passenger cars, and passenger cars and pickup trucks (13) (14) (15) . The results of the studies can be complicated, depending on the type of crash and who was more vulnerable during a collision. For example, Khattak and Rocha found that SUVs have greater crashworthiness during a collision but are more likely to roll over and therefore cause more severe injuries to their occupants (7). Kockelman and Kweon concluded that light-duty trucks and heavy-duty trucks have greater crashworthiness. These results become more apparent in a two-vehicle crash where a heavyduty truck's crashworthiness is more significant as the driver of the other vehicle withstands more severe injury (11) . In a follow-up study, Wang and Kockelman used the National Automotive Sampling System's crashworthiness data system to thoroughly analyze the effects of vehicle weight and type and found that vehicle weight and type can simultaneously affect the injury outcome (12) .
Vehicle damage is an important indicator of the magnitude of the collision energy. Compared with the abundance of information presented in the area of crash injury severity, the studies on vehicle damage are relatively sparse. For instance, Huang et al. created a binary response variable by combining both injury severity and vehicle damage indicators to identify the significant factors affecting crash severity with specific consideration of the correlations between driver and vehicle units (16) . Conroy et al. studied whether exterior vehicle damage distribution across the front vehicle plane influenced injury severity in head-on crashes, and the results suggested significant differences in the type of object struck and the intrusion into the passenger compartment at the driver's seat location (17) . Quddus et al. developed injury severity and vehicle damage models separately and found similar and different factors affecting the increased probability of severe injuries and motorcycle damage (18) . The preceding research, although limited, offered valuable insight from the vehicle damage perspective.
In a different context, researchers and engineers working with automobile manufacturers constantly test their products to ensure that they meet Federal Motor Vehicle Safety Standards (FMVSS) outlined in FMVSS Title 49, Parts 571-572 (19). In addition, NHTSA and the Insurance Institute for Highway Safety conduct their own crash tests to ensure compliance (20) . The popular metric of crash severity is a measure of g-force (acceleration) acting on the vehicle or a crash dummy, or some measure of change in vehicle velocity over the duration of the crash event (Δv) (21) . The purpose of crash tests is to ensure that safety devices such as passenger restraints, front and side airbags, laminated windshields, crumple zones, and collapsible steering columns are performing as intended. These "destroyable" features serve to absorb or deflect the impact energy caused by collisions and minimize the forces transferred to occupants.
However, these test situations do not accurately simulate realworld scenarios because the crash dummies do not make cognitive decisions such as whether to wear safety restraints or drive under the influence of alcohol or drugs. Moreover, tests are usually conducted in a controlled laboratory environment that differs from the real-world situations in which crashes occur. Confirmed by Council and Stewart, who explored the relationship between occupant risk as measured in crash tests (50-ms longitudinal and lateral forces to the vehicle) and driver injury, it was found that a strong relationship between the two was absent (21) . The actual crash data, both injuries and vehicle damage, will certainly disclose critical information that may not be available in laboratory testing conditions.
DATA COLLECTION AND PREPARATION
For the study, crash injury severity and vehicle damage information was collected from 3-year crash data between 2008 and 2010. According to the data set, a total of 14,095 crashes occurred in Madison, Wisconsin, during this period. With the Model Minimum Uniform Crash Criteria guidelines or KABCO scale, the injury severities of these incidents were categorized into five levels: O (no apparent injury), C (injury possible), B (suspected minor injury), A (suspected serious injury), and K (fatal injury). For vehicle damage, the incidents were categorized into six levels: NONE (no damage), V MNR (cosmetic damage or very minor damage), MNR (dents but no creased metal), MOD (broken or missing parts), SVR (not drivable, but salvageable), and V SVR (total loss). Table 1 shows the levels and frequency of injury severity and vehicle damage. In order to obtain sufficient observations in each category, crash injury severities were aggregated into three types: O, B, and C; K; and A. Likewise, vehicle damage was aggregated into three types: none or minor, which combines none, very minor, and minor; moderate; and severe, which combines severe and very severe.
The crash data were split into single-vehicle (SV) and multivehicle (MV) crashes. Of these, 2,286 (16.22%) accidents were SV crashes and 11,809 (83.78%) were MV crashes. The independent variables were divided into five categories-human factors, highway and traffic factors, accident characteristics, environmental factors, and vehicle factors-as shown in Table 2 .
Human factors include occupant characteristics and driver behavior. Occupant characteristics such as gender and the use of safety constraints were applied to the occupants who sustained the most harmful injuries. Driver behavior represents any possible contributing circumstances to the accident that a driver may have had, as determined by the responding police officer. Of prime interest to engineers may be the highway and traffic factors, which include highway geometric characteristics and traffic control. In addition, some possible contributing circumstances of the roadway based on officers' opinions were included. The accident characteristics describe the vehicle hitting a fixed object, a not-fixed object, or no collision. Because of the extremely small number of pedestrian, bicyclist, and motor cyclist collisions, they were removed from the data set (0.8% of the total data). The manner of collision describes the orientation in which vehicles collided in the crash and the unit type indicates the vehicle classes that collided with each other. Environmental factors were investigated to determine the correlation between weather variables and road surface condition by using a Pearson correlation test. The weather condition factor was excluded in the final model because the correlation between these two factors is very strong (ρ > 0.8).
METHODOLOGY
Injury severity and vehicle damage were separately modeled to explore the factors affecting the overall crash severity measured by occupant and vehicle. Four sets of models are specified in this paper: SV injury severity model, MV injury severity model, SV vehicle damage model, and MV vehicle damage model. One of the major differences between the injury severity model and vehicle damage model is that the vehicle damage model did not contain any human factors; instead, vehicle damage is an explanatory variable in the injury severity model. The relationships between dependent variables and independent variables for the four models are as follows: To account for the ordinal nature of the crash severity data, ordered probability models (both logistic and probit) are used. The ordered probability models are derived by defining an unobserved latent variable U, which is typically specified as a linear function for each observation:
where X = vector of independent variables determining discrete ordering for each observation, b = vector of estimable parameters, and ε = error term. where the µ's are estimable thresholds that define y and I is the highest integer-ordered response. If the random error term ε is assumed to follow a standard normal distribution, the model is an ordered probit model. The probability of each category can be written as follows:
where Φ( •) is the cumulative standard normal distribution. If the error term is instead assumed to be logistically distributed across observations, it is an ordered logit model. Because the default coefficient estimate of ordered logistic models is the log odds ratio and it is difficult to explain how changes in explanatory variables affect the outcome probabilities (8) , the ordered probit model was used in this study.
The interpretation of parameters b is as follows: positive signs indicate higher injury severity or vehicle damage as the value of associated variables increases, negative signs suggest the converse. The relationship must be compared against the range between thresholds µ's in order to determine the most likely injury or vehicle damage classification for a particular crash (11) .
A measure of the goodness of fit can be obtained by calculating (22) 
The R 2 can be interpreted as the proportion of the total variance explained by X.
MODEL RESULTS
In the SV crash results in Table 3 , the coefficients lead the utility function to increase or decrease on the basis of the magnitude of the value. The positive values can lead to a possible increased injury severity or vehicle damage and negative values can lead to a possible reduced risk of injury severity or vehicle damage. Only variables that were considered significant to a level of 5% are included in the following tables. Some statistically insignificant variables may be included for comparison between injury severity and vehicle damage models.
In the SV crash results there are few findings that defy conventional wisdom or logical explanations. One exception is that dark conditions or dark-with-street-light conditions may decrease the possibility of a more severe injury but increase the possibility of vehicle Table 3 , it is found that human factors have a great influence on the injury severity outcome. Among all the human factors, using alcohol or violating traffic rules considerably increases the severity of injury, and using safety constraints (seat belts) substantially reduces the possibility of more severe injuries. Vehicle damage, as an explanatory variable in the injury model, is negatively correlated with injury severity. In other words, injury severities decrease when vehicle damage increases. Compared with the baseline of none or minor damage, moderate vehicle damage appears to be associated with the considerable decrease in injury severity, whereas the severe damage factor is not statistically significant. A plausible reason is that the structural design of the vehicle can protect occupants from sustaining injuries, but limitations exist and violent collisions may reduce the effectiveness of the structural design. Compared with the reported injury severity, the after-crash vehicle conditions can be a more unbiased reflection of the violence of the collision. Focusing on highway design characteristics, the comparison between the results from the injury severity and vehicle damage models shows similarities and differences. In SV crashes, the comparison of urban city highways with urban state highways shows an increase in both injury severity and vehicle damage, but the result is not statistically significant. Despite the greater vehicular speed on Interstate highways, Interstate highways show a decrease of SV injury severity and vehicle damage. This finding may be attributed to the high design standards as well as low roadside hazards of Interstate highways compared with other highway classes.
In addition, one of the most interesting findings is that striking guardrails and poles may lead to more severe vehicle damage but less severe injuries. The explanation is found in the breakaway design of roadside objects such as poles and flexible protections such as guardrails. For more rigid fixed objects such as bridges or ditches, both vehicles and occupants sustain a more severe outcome. Trees and bridges increase the possibility of more severe vehicle damage, but their effects are not statistically significant for injury severity. Vehicles were found to withstand more severe damage in the presence of horizontal curves, though none of the highway and traffic factors were determined to be statistically significant in the SV injury severity models for comparisons. Therefore, performing respective analyses for injury severity and vehicle damage is valuable for an impartial evaluation of the design components of the highway (i.e., cross section, alignment, and roadside design standards). Moreover, nonhuman factors may become more statistically significant in the vehicle damage model than in the injury severity model because of the dominant effects of human factors.
Different perspectives of the injury severity and vehicle damage models imply that the management of kinetic energy in crashes requires following the design principle of integration and separation, that is, integrating compatible design elements and separating incompatible ones (4). For example, different design alternatives including the placement of crash barriers or relocation may be applied to protect occupants under the circumstances of bridges (parapet, pier, rail, etc.) or trees. In addition, special protective design needs should be considered in the proximity of horizontal curves.
In the MV injury severity results shown in Table 4 , similar conclusions can be drawn about the effect of human factors on injury severity; however, vehicle damage was more strongly related to severe injuries than was found within the SV injury severity model. For the common set of variables between the injury severity and vehicle damage models, the vehicle damage model results seem to be consistent with the conventional wisdom for all the findings. In the manner of collision, the order of vehicle damage severity from high to low was head-on, angle, sideswipe (opposite direction), rear end, and sideswipe (same direction). At intersections with different traffic control strategies, the order of vehicle damage from high to low was traffic signal, two-way stop, four-way stop, and probably yield-no traffic control, which was not statistically significant. However, in the injury severity model the results are slightly reordered: the order of injury severity from high to low was traffic signal, yield-no traffic control, two-way stop, and fourway stop. In these intersections, the speed and speed differential between vehicles at the approach may account for the severity of injury crashes.
Signalized intersections represent relatively higher speed on all approaches; two-way stop-controlled intersections represent the largest speed differentials and four-way stop-controlled intersections represent the smallest speed differentials between intersecting roads or highways. Similarly, another variable related to speed is highway class. Compared against city highways, both state highways and Interstate highways will increase injury severity and vehicle damage significantly. This finding may be due to the fact that higher speeds increase the force of collision between vehicles. The results of each of these models hence provide a unique perspective of how the factors affect injury severity and vehicle damage. Some factors have a consistent impact across both vehicle damage and injury severity, and others are contradictory.
SUMMARY AND CONCLUSION
Traffic safety is an important issue affecting the nation's highways, and reducing the injuries and deaths due to traffic crashes is an undisputed priority. In recent years, the reduction of injury crashes has been heralded as a great success. Improvements in federally mandated safety standards and advancements made by automotive companies to enhance the safety of their products can be partially credited with the decline. However, the focus has now shifted toward the elimination of fatalities due to traffic crashes and a new National Strategic Highway Safety Plan, TZD, is under way. The successful strategies toward this vision should include the management of kinetic energy in crashes and collisions (4) . Managing kinetic energy requires an impartial evaluation of crash collision force or momentum change, which can be reflected through vehicle damage conditions. Driver injury severity, the ultimate measure of occupant risk, can be modeled through human factors, vehicle damage, and other variables. Developing respective models for injury severity and vehicle damage reveals a complete view of the crash severity.
The study shows that in both SV and MV injury severity models, there is an association between vehicle damage and injury severity; injury severities decrease when the vehicle damage increases. Furthermore, the MV crash results show that vehicle damage is more strongly related to severe injuries than was found within the SV crashes. This finding serves as a good representation of the innovative automotive safety features that reduce the likelihood of injuries by reducing or redirecting impact energies around occupants. Human factors are absolutely critical in affecting the injury outcomes, which probably explains why an early study failed to identify a strong relationship between forces to crash test vehicles and occupant injury (21) . Among all the human factors, using alcohol or violating traffic rules considerably increases the severity of injury, and using safety constraints (seat belts) substantially reduces the possibility of more severe injuries.
Vehicle damage models provide a unique depiction of the factors associated with crash severity. In the SV crash results, one noteworthy finding is that striking guardrails and poles may lead to more severe vehicle damage but less severe injuries. For more rigid fixed objects such as bridges or ditches, both vehicles and occupants will sustain a more severe outcome. Moreover, horizontal curves, although not statistically significant in the injury severity model, may increase the likelihood of vehicle damage affecting injury severity.
In the MV crash results, the magnitude of impacts for vehicle damage and injury severity in the order of highest severity to lowest was head-on, angle, sideswipe (opposite direction), and sideswipe (same direction). Vehicle damage and injury severity due to traffic controls were slightly different for both models. Injury severity results show traffic signal, yield-no traffic control, two-way stop, and four-way stop to be the ordered list of severity, but the vehicle damage model shows traffic signal, two-way stop, four-way stop, and probably yield-no traffic control, which was not statistically significant.
The results of this study conclude that vehicle damage sustained from crashes can provide a different perspective on the severity of an incident. Because of the influence of crash victims, injury severity reports may vary considerably under similar highway and environmental circumstances. Therefore, in a comparison of the injury severity of similar crashes, the vehicle damage severity serves as a more objective account of the incident for highway and street designs aimed to manage kinetic energy in crashes, reaffirming the importance of the design principle of integration and separation (i.e., integrating compatible design elements and separating incompatible ones) (4). The vehicle damage severity does not tell the whole story, though; the collective use of injury severity makes it possible to accurately assess the influence of occupant characteristics and human factors, which helps to improve vehicle safety designs and develop effective enforcement or education programs to address the behavioral issues. 
